Debris disk detections around M dwarfs are rare, and so far no gas emission has been detected from an M dwarf debris disk. This makes the 45 Myr old M dwarf WISEJ080822.18-644357.3 a bit of a curiosity; it has a strong infrared excess at an age beyond the lifetime of a typical planet-forming disk, and also exhibits broad Hα emission consistent with active accretion from a gaseous disk. To better understand the cold gas and dust properties of this system, we obtained ALMA observations of the 1.3mm continuum and the CO/ 13 CO/C 18 O J=2-1 emission lines. No cold CO gas is detected from this system, ruling out a gas-rich protoplanetary disk. Unresolved dust continuum emission is detected at a flux of 198±15 µJy, consistent with 0.057±0.006 M ⊕ worth of optically thin dust, and consistent with being generated through a collisional cascade induced by large bodies at radii <16 au. With a sufficiently strong stellar wind, dust grains released in the outer disk can migrate inwards via PR drag, potentially serving as a source of grains for the strong infrared excess.
INTRODUCTION
Debris disks, created through the collisional grinding of planetesimals, are an important signpost of (often) unseen planetary systems. While debris disks have been found around ∼20% of AFGK stars Wyatt, et al. 2015; Hughes et al. 2018) , they are detected much less frequently around M dwarfs. Infrared surveys put the occurrence of debris disks around field M dwarfs at <1.4% (Plavchan, et al. 2005 (Plavchan, et al. , 2009 Avenhaus, et al. 2012 ). This dearth of collisional debris stands in contrast to the frequency of planets around M stars, with observational studies finding more than one planet per M dwarf (e.g. Dressing & Charbonneau 2013 Mulders, et al. 2015; Clanton & Gaudi 2016) . M dwarf debris disk detection rates become more substantial when moving toward younger sources and/or longer wavelengths. Forbrich, et al. (2008) find that 4.3% of M dwarfs in the 30-40 Myr old NGC 2547 cluster have a 24µm excess indicative of a debris disk, while Binks & Jeffries (2017) measure a significant 22µm excess among 13±5% of M dwarfs younger than 30 Myr. Sub-mm surveys have detected cold dust emission from three sources, out of 35 surveyed Lestrade, et al. 2006) , consistent with a 13% detection rate. Two of the most well studied M dwarf debris disks, TWA 7 (Low, et al. 2005; Matthews, et al. 2007; Olofsson et al. 2018 ) and AU Mic (Kalas, et al. 2004; MacGregor, et al. 2013; Daley et al. 2018) , have ages of 10 Myr and 24 Myr respectively (Bell et al. 2015) , consistent with the enhanced detectability of M dwarf debris disks at younger ages.
Recently the 45 Myr old M dwarf WISEJ080822.18-644357.3 (W0808 hereafter) was discovered to have an infrared excess consistent with a debris disk (Silverberg et al. 2016) , adding to the catalog of young M dwarfs with debris disks. Surprisingly, W0808 was subsequently found to have strong, and variable, Hα emission consistent with the accretion of gas onto the stellar surface (Murphy, et al. 2018 ). Many of the prior detections of gas in debris disks have been found among high mass systems (Hughes et al. 2018) , with none showing evidence of substantial accretion onto the stellar surface. In fact, W0808 is the third M dwarf near the hydrogen burning limit to be discovered to be accreting at an age of ∼40 Myr (Reiners 2009; Boucher et al. 2016) .
The presence of gas at such a late stage has important implications for the ability to form planets. The diminished frequency of gas-giant planets around low mass stars (Johnson, et al. 2007 (Johnson, et al. , 2010 Bonfils, et al. 2013; Clanton & Gaudi 2014; Bowler, et al. 2015a; Clanton & Gaudi 2016) has often been attributed to the long timescales needed to build up massive cores around low mass stars (Laughlin, et al. 2004; Payne & Lodato 2007) . While planet-forming disks around M dwarfs are less massive than the disks around their higher mass cousins (Andrews, et al. 2013) , they have a longer dispersal timescale (Hernández, et al. 2005; Carpenter, et al. 2006; Kennedy & Kenyon 2009; Luhman & Mamajek 2012; Ribas, et al. 2015) , which may prolong the planet formation epoch. And if substantial gas reservoirs are common at 45 Myr, this may allow for more gas-giant planet formation at these relative late ages. The Hα emission indicates that some gas is present within the W0808 system, although it is not clear if there is enough to populate the envelope of a gas-giant planet.
Fully understanding the role of gas and dust in planet formation around W0808 requires a more detailed understanding of the total gas and dust available within the system. To that end we have observed W0808 with ALMA in search of a cold gas and dust reservoir. In section 2 we discuss the observations while in section 3 we discuss the detection of cold dust, and the non-detection of cold CO gas, from around W0808. In section 4 we discuss the possible origin of the mm continuum emission.
DATA
ALMA observations were taken on January 18, 2018 as part of project 2017.1.01521.S (PI: K. Flaherty). W0808 was observed with 45 antennas with baselines ranging from 15m to 1.4km, a total integration time of 41 min, and a mean precipitable water vapor column of 2 mm. The phase center of the observations was 08: 08:22.1478 -64:43:56.742 (ICRS) , chosen to match the predicted position of the system based on the pre-GAIA proper motion. One spectral window was devoted to the continuum at 232 GHz, with a 2 GHz bandwidth, while the remaining three windows were centered on CO(2-1), 13 CO(2-1), and C 18 O(2-1) respectively with 480 channels of width 244.141 kHz (0.38 km s −1 ). The visibilities were calibrated using the standard ALMA calibration script, with J0635-7516 used for gain and bandpass calibration and J0904-5735 used for phase calibration. The phase center is shifted to match the stellar position at the epoch of the observations (08: 08:22.178 -64:43:57.20) as predicted by GAIA DR2 data (Gaia Collaboration et al. 2018; Lindegren et al. 2018) .
No significant CO(2-1), 13 CO(2-1), or C 18 O(2-1) emission is detected (Figure 1 ) in maps generated with natural weighting and with an rms of 1.8 mJy/beam/channel. Given the lack of gas emission, we use all four bands to image the continuum, with the CASA clean task using natural weighting, which results in a beam of 0. 41x0. 32 and an rms of 23 µJy/beam. The continuum emission is significantly detected with a peak flux of 194 µJy/beam, corresponding to a ∼8σ detection ( Figure 1) . The emission appears unresolved and a point source fit to the visibilities derives a total flux of 198±15 µJy. Stellar flares can contaminate sub-mm searches of debris disks around M dwarfs (MacGregor, et al. 2018 ), but we find no evidence for a strong stellar flare in the amplitude time series.
Stellar parameters for W0808 (Table 1) are taken from Murphy, et al. (2018) , with updates to the stellar position, distance, luminosity, and proper motion based on the GAIA second data release (Gaia Collaboration, et al. 2016; Gaia Collaboration et al. 2018; Lindegren et al. 2018) . With the updated position, parallax, and proper motion from GAIA DR2, the BANYAN Σ tool (Gagné, et al. 2018 ) returns a 95% probability of membership in the 45 +11 −7 Myr moving group Carina (Bell et al. 2015) confirming the relative youth of W0808, although we caution that the Carina group itself is defined using only a small handful of stars (see discussion in Murphy, et al. 2018 ).
3. RESULTS
Cold Dust Emission
With ALMA we have detected significant dust emission from around the M dwarf W0808. At 198±14 µJy the flux is much higher than the predicted 13µJy flux from the warm dust emission, and is consistent with an additional component of cold dust (Figure 2) . The emission is unresolved, which implies a disk radius <16 au at 101 pc. Blackbody grains 16 au from W0808 have a temperature of T dust = 20 K, consistent with the need of an additional cold component in the spectral energy distribution. Assuming that the dust emission is optically thin we can estimate the dust mass: . Left: Dust emission is detected by ALMA at a wavelength of 1.3mm around the M dwarf W0808. The dust emission is detected at a peak S/N∼8 (contours at 3σ and 5σ, where σ=23µJy/beam) and is unresolved (synthesized beam is indicated in the lower right, with a 50 au scale bar in the lower left). Right: Integrated emission within a 2 x 2 box centered at the stellar position, around the CO(2-1) emission line. No significant emission CO(2-1) emission is detected at the expected radial velocity of the system (marked by a vertical dashed line). We also do not detect any significant 13 CO(2-1) or C 18 O(2-1) emission. where F ν is the observed flux, d is the distance to W0808, κ ν is the dust opacity, and T d is the dust temperature. We derive a dust mass of 0.057±0.006 M ⊕ , assuming an opacity of 2.3 g cm −2 at 1.3mm (Beckwith et al. 1990) , and a dust temperature of 20 K. Given the unresolved nature of the emission, there is some uncertainty associated with this dust mass estimate. If Photosphere
Spectral energy distribution for W0808, with photometry drawn from DENIS (Epchtein, et al. 1999 ), 2MASS (Cutri, et al. 2003 ) and ALLWISE (Cutri & et al. 2013) . A 3100 K BT-Settl (Allard, et al. 2012; Baraffe, et al. 2015) stellar photosphere is indicated by the grey line. The 1.3mm emission lies well above the predicted flux from the hot (T dust =1070 K, blue dashed line) and warm (T dust =237K, red dotted line) dust emission. An additional cold component, illustrated here with a 20 K blackbody (cyan dotdashed line), is needed to reproduce the long-wavelength emission.
the disk is smaller than 16 au in radius, the dust temperature is likely higher than assumed here, leading to a smaller dust mass. If the dust emission is compact enough to be optically thick then our estimate is a lower limit on the total dust mass. Debris disks are typically cold and optically thin, providing support for our initial assumptions, although additional observations at higher Figure 3 . Dust mass, as derived from mm continuum emission, as a function of age for disks around M dwarfs. Protoplanetary disks, with ages 10 Myr, have typical dust masses of 1-100 M⊕, while debris disk masses are typically less than 0.01-1M⊕. The small handful of detections (W0808 is marked with a red square) of dust masses among M dwarf debris disks suggest substantial evolution following the protoplanetary disk phase, although the many upper limits make it difficult to constrain the full extent of this evolution.
spatial resolution are needed to more accurately constrain the dust mass.
While the active accretion and strong infrared excess are suggestive of a gas-rich protoplanetary disk, the weak 1.3mm flux is more consistent with that of a debris disk. Figure 3 shows dust mass, as derived from sub-mm emission, as a function of age for protoplanetary disks (Klein, et al. 2003; Ricci, et al. 2012; Mohanty, et al. 2013; Andrews, et al. 2013; Ricci, et al. 2013 Ricci, et al. , 2014 Carpenter, et al. 2014; Broekhoven-Fiene, et al. 2014; Testi, et al. 2016; van der Plas, et al. 2016; Ansdell, et al. 2016 Ansdell, et al. , 2017 and debris disks Lestrade, et al. 2006; Matthews, et al. 2007; Lestrade, et al. 2012; Matthews, et al. 2015; Holland, et al. 2017 ) around M dwarfs. Protoplanetary disks have masses of 1-100 M ⊕ , with a factor of ∼5 decrease in the average mass between 1 and 10 Myr. Beyond 10 Myr, M dwarf debris disks are much less massive, with upper limits in the range of 0.01-1 M ⊕ . Many of these upper limits are for sources with ages 100 Myr due to sensitivity constraints; sub-mm surveys of M dwarfs are limited to the nearest sources, which tend to be older. Among sources with ages similar to that of W0808, the dust mass around W0808 is larger than the 0.01 M ⊕ dust mass around ∼20 Myr AU Mic (MacGregor, et al. 2013; Matthews, et al. 2015; Daley et al. 2018) , and the 0.03 M ⊕ around the 50 Myr old GJ 182 ), but smaller than the 0.25 M ⊕ disk around the ∼10 Myr old TWA 7 (Holland, et al. 2017) .
The lack of Gas Emission
No significant CO(2-1), 13 CO(2-1), or C 18 O(2-1) emission is detected from the disk around W0808, suggesting that there is little cold gas in this system. Assuming the CO is confined to a uniform ring extending out to 16 au at a 45
• inclination, which corresponds to a spatial coverage of ∼1 beam and a spectral coverage of ∼10 channels, we derive a 3σ upper limit on the CO(2-1) flux of <10 mJy km s −1 . Only a handful of M dwarf protoplanetary disks have been detected in CO(2-1) or CO(3-2) emission, with typical flux levels, scaled to the distance of W0808, of 0.5-2.8 Jy km s −1 (Ricci, et al. 2012 van der Plas, et al. 2016 ). The majority have CO flux upper limits corresponding to 80-1000 mJy km s −1 at the distance of W0808 (van der Plas, et al. 2016; Ansdell, et al. 2017 ). Molecular gas emission has only been detected within debris disks around more massive stars (Kóspál et al. 2013; Dent, et al. 2014; Marino et al. 2016; Lieman-Sifry, et al. 2016; White et al. 2016; Hughes et al. 2017; Moór, et al. 2017; , with typical CO(2-1) flux levels of ∼50 mJy km s −1 to ∼20 Jy km s −1 , normalized to the distance of W0808, among objects with ages similar to W0808 (Hughes et al. 2018) .
Assuming local thermodynamic equilibrium (LTE), with an excitation temperature of 20 K, the flux limit corresponds to an upper limit on the cold CO gas mass of <5×10 −6 M ⊕ . Outside of AU Mic (Daley et al. 2018 ), this represents the deepest limit on CO emission from around an M dwarf. We caution that full NLTE calculations are needed to accurately constrain the CO mass within these low density systems, which will likely result in a higher upper limit on the CO gas mass (Matrà, et al. 2015) .
While this limit falls well below typical protoplanetary disk gas masses (e.g. Ansdell, et al. 2016) , it is more in line with predictions for gas released in the secondgeneration collisions that produce debris disks. Kral et al. (2017) present a model for CO emission from debris disks based on the collisional cascade of gas-rich planetesimals that predicts CO masses of 10 −6 -10 −3 M ⊕ for systems with measurable CO emission, all of which are more massive stellar systems than W0808. In the context of this debris disk model, the lack of detectable CO emission around W0808 is not surprising, although it does not account for the gas responsible for the Hα emission.
The active accretion, estimated to be ∼10 −10 M yr
based on the width of the Hα emission (Murphy, et al. 2018) , implies that some gas must be present in this system. One way for the gas to be hidden from our ALMA observations is if the gas is at a high temperature, re-ducing the population of CO molecules in the J=2 state. Based on the shape of the infrared excess, Murphy, et al. (2018) found evidence for two warm dust rings and for excitation temperatures corresponding to the dust temperatures of these two rings (T ex =1071 K, 237 K) the LTE upper limits on the CO mass are 1×10 −4 M ⊕ and 3×10
−5 M ⊕ , respectively. Alternatively, the gas may have a low CO abundance, making our CO observations an inefficient method for tracing to gas within this disk. The lack of CO may be because the planetesimals responsible for driving the collisional cascade are e.g. H 2 O-rich instead of CO-rich or because any CO released in the collisional cascade was rapidly destroyed by the radiation environment. Regarding the latter possibility, around massive A stars the UV radiation is strong enough to photodissociate CO within 10-100 years in low density debris disks ). The photodissociation of CO would release oxygen atoms into the disk, which may be the source of the detected [OI] 6300Å emission (Murphy, et al. 2018 ). Recent surveys, with an eye towards the habitability of planets around M dwarfs, have greatly expanded the observations of M dwarf UV radiation, and have found UV fluxes orders of magnitude larger than that expected from the stellar photosphere (e.g. France, et al. 2016; Schneider & Shkolnik 2018) . This harsh radiation environment may lead to CO-poor gas around M stars.
To estimate the rate at which CO is photodissociated around W0808, we utilize the photodissociation rates of Visser, et al. (2009) . For the stellar UV radiation field, we assume the ratio between the FUV and J-band flux densities is 4×10 −5 , the average observed value among 0.08-0.35 M , 45 Myr M dwarfs (Schneider & Shkolnik 2018) . We also include the interstellar radiation field as a Draine field flux that is independent of distance from the star. We find that close to the star (< 10 au) the stellar radiation plays a large role in photodissociation, destroying CO molecules within ∼12 years. At larger radii the interstellar radiation field takes over, and the photodissociation timescale increases to ∼60 years at 20 au. This calculation assumes no self-shielding, and is likely a lower limit on the photodissociation timescale. We can estimate the role of self-shielding by assuming that a CO gas mass given by the LTE upper limit (5×10 −6 M ⊕ ) is spread evenly over a region with a diameter of 30 au. Under these conditions, the photo-dissociation timescale increases to 150-350 years between 10 and 20 au. Even with self-shielding the photo-dissociation timescale is much smaller than the age of the system, indicating that any primordial gas will be heavily depleted of CO. Any CO gas released in the collisions of gas-rich bodies will also be quickly destroyed without continuous replenishment.
THE ORIGIN OF THE COLD DUST EMISSION

Planetesimal Collisions
The lack of CO emission and the modest sub-mm emission are consistent with a debris disk in which dust grains are released in a collisional cascade induced by the collisions of km-sized planetesimals. The maximum radial extent of the disk around W0808, 16 au, is smaller than the ∼ 30 au debris disk radius predicted by an extrapolation of the stellar luminosity-belt radius correlation derived by . The belt radius is also smaller than the sizes of other resolved M dwarf debris disks; Herschel emission is detected from 25 to 60 au around GJ 581 (Lestrade, et al. 2012 ) while AU Mic has sub-mm emission detected out to ∼40 au (MacGregor, et al. 2013; Daley et al. 2018) . Similarly scattered light has been detected from around the M dwarf TWA 7 out to 25 au , around TWA 25 out to ∼80 au (Choquet, et al. 2016) , and around GSC 07396-00759 out to ∼100 au (Sissa, et al. 2018) . Given that observations of M dwarf debris disks are often limited by sensitivity, prior studies may have only sampled the brightest, and possibly most extended, systems. Protoplanetary disks around M dwarfs, from which the kmsized planetesimals are created, are typically unresolved in the sub-mm, limiting their radii to 30 au (Schaefer, et al. 2009; Testi, et al. 2016; Ricci, et al. 2012 Ricci, et al. , 2013 van der Plas, et al. 2016) , with only a handful of disks showing outer edges at 50-150 au (e.g. Ricci, et al. 2014) .
Once released into the disk, dust grains will evolve based on their interactions with stellar radiation and stellar winds. Unlike their higher mass cousins, radiation pressure does not play a strong role in dust dynamics around M dwarfs; instead it is interactions with stellar winds that will dominate (Plavchan, et al. 2005; Strubbe & Chiang 2006; Augereau & Beust 2006; Plavchan, et al. 2009; Schüppler, et al. 2015) . Observations of the wind mass loss rate are fairly limited among M dwarfs, with typical values ranging from 0.005Ṁ to <50Ṁ (Wood 2004; Vidotto & Bourrier 2017) , consistent with models of winds driven by cool stars (Cranmer & Saar 2011; Johnstone, et al. 2015) , whereṀ is the Solar wind mass loss rate (∼ 2 × 10 −14 M yr −1 ). Based on the prescriptions of Strubbe & Chiang (2006) we can estimate the role of radiation/wind pressure and Poynting-Robertson drag on the dust grain dynamics. In the case of W0808, a very large wind (Ṁ > 1000Ṁ ) is needed to blow out micron-sized dust grains but stellar wind drag is more effective, with a wind Ṁ able to drag micron-sized grains inward toward the star within the age of the system. This indicates that any dust released in collisions in the outer disk will rapidly fill in the inner disk with small dust grains, rather than creating the large halos that are seen around more massive stars (Su, et al. 2009 . Substantial inward migration via PR drag suggests a possible common origin for the sub-mm and infrared emission. Dust grains are released in collisions in the outer disk, where they are seen in the sub-mm, and migrate inwards towards the star until they heat up enough to produce the observed infrared emission. The warm dust temperature of T dust =237 K (Murphy, et al. 2018) corresponds to a distance of 0.1 au from the central star; if the dust mass estimated from the sub-mm emission were to migrate inwards to this inner radius it would be highly optically thick (τ ∼ 30000 at 12µm assuming κ(12µm)=9×10
2 cm 2 g −1 (Draine 2003) ), making it capable of producing the strong infrared emission. This scenario does rely on a modest stellar wind ( Ṁ ) to migrate the dust inwards within the lifetime of W0808, and more detailed knowledge of the outer disk dust mass is needed to determine if inward migration can account for the infrared excess.
Planetary-body collisions
Another possible scenario is the recent collision of planetary bodies, generating a large amount of small dust grains at a highly localized region within the disk (Jackson, et al. 2014) . Debris disks with large dust excesses (L dust /L * >10 −3 ) have often been found to also exhibit infrared variability (Meng et al. 2012 (Meng et al. , 2014 Meng, et al. 2015) , likely a result of the recent collision that produces the observed debris. W0808 has both a large dust excess (L IR /L * ∼0.1) and infrared variability (Murphy, et al. 2018) , consistent with such a scenario. The presence of silica emission (e.g. Lisse et al. 2009 ), created by the rapid cooling of molten rock released in the high energy impact (Johnson, & Melosh 2012 , would provide confirmation of this scenario.
Contamination from a background galaxy
One possibility for the origin of the ALMA emission is contamination from a background galaxy, a scenario that has been found in ALMA observations of the disks around HD 95086 (Su, et al. 2017 ) and TWA 7 (Bayo, et al. 2018) . The shape of the SED can help distinguish between a disk and a background galaxy. Figure 4 shows the SED after subtracting off the stellar component, along with template SEDs for extragalactic sources (Kirkpatrick, et al. 2015) , red-shifted to z=2 and scaled to the ALMA 1.3mm flux density. The infrared emission from around W0808 is 2-3 orders of mag- Figure 4 . SED of the long-wavelength emission, after subtracting off the contribution from the stellar photosphere. For comparison, we include SED templates for a z∼2 active galactic nuclei (AGN), star-forming galaxy (SFG), and a composite SFG+AGN, taken from Kirkpatrick, et al. (2015) (the bands demonstrate the range of observed fluxes from the galaxies used to generate the templates). The template SEDs were redshifted to z=2, and are normalized to the ALMA 1.3mm flux. The WISE infrared emission is orders of magnitude brighter than expected from a high-redshift galaxy, indicating that the excess emission is likely not from a highredshift galaxy.
nitude brighter than that of a z=2 galaxy (similar results are found for galaxies at lower redshift), suggesting that the emission is not from a background galaxy. The ∼0. 21 offset between the ALMA and ALLWISE (Cutri & et al. 2013 ) emission positions is also inconsistent with the infrared and sub-mm emission both arising from a stationary background object, but is consistent with the GAIA measured proper motion. Broad Hα emission and bright mid-IR fluxes are common among low-redshift AGN (e.g. Sulentic, et al. 2000; Shangguan, et al. 2018 ) but line widths among AGN are often much larger than the 300-400 km s −1 observed around W0808, and the mid-IR flux from W0808 does not exhibit the rising power-law shape that is typical of AGN.
Another scenario is that the Hα and IR emission are from a disk surrounding W0808, while the ALMA emission is from an unrelated background galaxy. While we cannot rule out this possibility, it is highly unlikely; based on the Schechter function of Carniani, et al. (2015) , there is a 0.01% chance of detecting a background galaxy at 8σ within 0. 5 of the stellar position. This suggests that the detected ALMA emission is most likely due to cold dust surrounding W0808.
CONCLUSIONS
We report the detection of unresolved 1.3 mm dust emission around the 45 Myr old accreting M dwarf W0808. While the active accretion and strong infrared excess are more similar to young planet-forming disks, the weak sub-mm emission, consistent with 0.057±0.006 M ⊕ worth of optically thin dust, and lack of CO emission is more similar to debris disks. The sub-mm emission is unlikely to be due to the chance contamination from a background galaxy given the strong IR emission, and the small probability of a galaxy at the observed flux level in such proximity to the star.
Around such a low-luminosity central source, any small grains released into the disk via collisions will not be blown away from the central star by radiation pressure, but are likely dragged inwards by PR drag. This raises the possibility that the dust grains are initially released in the outer disk, producing the observed submm emission, and then migrate inwards, subsequently generating the observed infrared emission. Further observations, in particular constraints on the stellar wind mass loss rate, which sets the inward migration rate, are needed to fully constrain this model. The strong and variable infrared emission, in combination with weak sub-mm emission, may also be a sign of a recent collision of planet-sized bodies. Regardless of the exact physical origin of the dust, W0808 is likely in an early stage of planet formation and evolution as it transitions from a gas-rich planet-forming disk to a second-generation debris disk.
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